The structure of a 23 nt RNA sequence, rGGACCCG-GGCUCAACCUGGGUCC, was elucidated using homonuclear NMR, distance geometry and restrained molecular dynamics. This RNA is analogous to residues 612-628 of the Escherichia coli 16S rRNA. The structure of the RNA reveals the presence of a pentaloop closed by a duplex stem in typical A-form conformation. The loop does not form a U-turn motif, as previously predicted. A non-planar A·C·A triple base interaction (hydrogen bonds A13 NH6-C10 O2 and C10 N3-A14 NH6) stabilizing the loop structure is inferred from structure calculations. The CUCAA loop structure is asymmetrical, characterized by a reversal of the phosphodiester backbone at the UC step (hydrogen bond C12 NH4-C10 O2′) and 3′-stacking within the CAA segment. Loop base U11 is oriented towards the major groove and the consecutive adenosines on the 3′-end of the loop are well stacked, exposing their reactive functional groups in the minor groove defined by the duplex stem. The solution structure of the loop resembles that seen in the 3.3 Å X-ray structure of the entire 30S subunit, where the analogous loop interacts with a ribosomal protein and a receptor RNA helix.
INTRODUCTION
RNA hairpin loops are frequently highly structured and can play a pivotal role by acting as nucleation sites for the three-dimensional folding of the entire molecule (1) . RNA loops frequently contain non-canonical mismatch pairs and base-phosphate, base-sugar and base stacking interactions (2) . Mismatch pairs vary in geometry (3), facilitating exposure of reactive exocyclic functional groups to the major or the minor groove by the base participants, where they can be easily accessed by ligands (4) (5) (6) . These potential hydrogen bond donor and acceptor groups are available for long-range tertiary interactions involving other RNA helices and proteins.
One such case ( Fig. 1) is the CUCAA terminal pentaloop of helix 21 (positions 618-622) in the central domain of 16S rRNA near the binding site of ribosomal protein S8 (7) . Analysis of 8513 homologous 16S rRNA sequences ( Table 1 ) clearly shows that the CUCAA loop is the most conserved among the four terminal pentaloops in 16S rRNA. Recently, the structure of this loop has been determined by X-ray crystallography at 3.0 and 3.3 Å resolution within the context of the entire 30S ribosomal subunit by two different groups (8, 9) . These two structures differ significantly from one another. However, in both structures nucleotides A621 and A622 are well stacked and expose their reactive functional groups in the minor groove, which facilitates interactions with other RNA helices in the 16S rRNA. Moreover, there is evidence for base-specific hydrogen bonds between specific loop residues and ribosomal protein S4.
These studies are also in conflict with the earlier prediction that nucleotides C618 and A622 would form a non-canonical mismatch pair (10) to stabilize a U-turn motif (11) . This common motif is characterized by cross-loop interactions stabilized by non-canonical hydrogen bonds and specific backbone torsion angle adjustments from the canonical value and has been observed in several RNAs, including the anticodon and the TψC loops of tRNA (12) , stem-loop IIa of U2 small RNA (13) , stable UNCG tetraloops (14) and hexaloops of 23S rRNA (15) . The loop consensus sequence is NUNRN (N, any nucleotide; R, purine nucleotide). It is not clear whether the failure to form the expected U-turn is inherent in the particular sequence of the pentaloop or a consequence of interactions with other components of the ribosome. If the latter were the case, then the structural transitions required might be important to the assembly process. In order to resolve this issue and to better understand the significance of the differences between the two crystal structures we have re-examined this pentaloop in solution.
We herein describe the solution structure of a RNA hairpin containing the CUCAA loop. The hairpin sequence used is highly analogous to the 612-628 region of the intact Escherichia coli 16S rRNA. Homonuclear NMR, distance geometry (DG) and restrained molecular dynamics (rMD) were used to determine its three-dimensional structure. Sufficient distance and dihedral angle restraints were obtained from the NMR experiments to determine a unique structure. The CUCAA loop exhibits many common features of RNA hairpins. Consistent with the expected secondary structure, the stem region folds into a typical A-form helix with eight Watson-Crick base pairs and one G·U wobble pair. The loop region is closed by a non-canonical three base (A·C·A) interaction and is stabilized by 3′ base stacking. Despite the presence of the appropriate consensus sequence, U-turn folding does not occur in solution. This new RNA hairpin structure provides insight into the details of the 16S rRNA building blocks and facilitates an understanding of the versatile functions of rRNAs. The overall structural features of the CUCAA loop are compared to tetraloops, other RNA loops and the two crystal structures of the analogous sequence found in the 30S subunit.
MATERIALS AND METHODS

RNA sample preparation
The RNA oligonucleotide was synthesized enzymatically by T7 run-off transcription (16) . The transcripts were precipitated in anhydrous ethanol at -80°C and purified on preparative denaturing 20% (w/v) polyacrylamide (19:1 acrylamide:bisacrylamide) gels. Gel bands were visualized by UV shadowing using fluorescent thin layer chromatography plates (Whatman) and that corresponding to the full-length product was collected and eluted from the gel using 0.5 M NH 4 OAC and 0.1 mM EDTA as the elution buffer. The sample was desalted using a Sep-pak column (Waters Inc.) as explained elsewhere (17) . The sample was then extensively dialyzed against buffer containing 10 mM NaH 2 PO 4 /Na 2 HPO 4 , 0.1 mM EDTA, pH 6.5, (NMR buffer) using an Amicon-3 concentrator (Millipore). The dialyzed sample was lyophilized to dryness and then dissolved in 310 µl of either 90% H 2 O:10% D 2 O or 99.96% D 2 O (Cambridge Isotope Laboratories, Inc.) for NMR studies. The final sample concentration was 0.8 mM.
UV melting experiment
Thermal melting curves were recorded at 260 nm on a Cary 3E spectrophotometer (varian) equipped with a Peltier 12 cell holder capable of varying the temperature from 5 to 95°C. UV samples were transferred directly from the NMR sample (0.8 mM) and diluted to 1 ml using NMR buffer adjusted to pH 5.0, 6.5 or 7.0 to a final concentration of ∼3 µM. The samples were degassed by a brief sonication or under vacuum and covered with a drop of mineral oil (Sigma-Aldrich) to prevent buffer evaporation at high temperatures. The NMR buffer alone was used to reference the spectrophotometer. The temperature was increased at a rate of 0.5°C/min and the corresponding absorbance was monitored at 260 nm. All melting experiments were repeated at least three times. The melting temperature was derived from the hyperchromicity curves (see Supplementary Material). ∆G 37°C under three different pH conditions was derived from a two-state analysis of the melting profiles using the MeltWin program (18) and/or a similar approach using Excel software. The reported T m and thermodynamic parameter values are averages of three experimental data sets (see Supplementary Material).
NMR methods
All NMR experiments were carried out using a Bruker AMX-II 600 MHz NMR spectrometer. The sample was analyzed in 90% H 2 O:10% D 2 O to observe exchangeable protons and 99.96% D 2 O to observe non-exchangeable protons. All twodimensional (2D) data were processed using the UXNMR program (Bruker Instruments) and FELIX98 (Biosym/Molecular Simulations). Exchangeable protons were assigned using a combination of one-dimensional (1D) melting profiles and 2D nuclear Overhauser effect spectroscopy (NOESY) spectra in 90% H 2 O:10% D 2 O using a jump-return pulse sequence for water suppression (19) . Non-exchangeable proton resonances were assigned from 2D NOESY spectra (50, 100, 160, 250 and 500 ms) recorded in the temperature range 7-35°C (4-5.0 s repetition delay, 9 p.p.m. spectral width, 4096 t 2 and 512 t 1 data points) and from double quantum filtered spectroscopy (DQF-COSY), total correlation spectroscopy (TOCSY) (80 ms) and correlation spectroscopy (COSY35) (20) . Translational diffusion constants of the RNA oligomer and a reference DNA oligomer (D T ) were determined with pulsed field gradient (PFG) NMR experiments (21) (22) (23) (24) by incorporating the peak intensities of the aromatic resonances in the equation ln(A′) = -(γδg) 2 (∆ -δ/3)D T + ln(A 0 ). In this equation, A′ and A 0 are the intensities with and without the PFG, γ is the gyromagnetic ratio (rad T -1 S -1 ), δ is the pulse duration, and ∆ is the delay time between the two PFG pulses. Backbone phosphorous assignments were obtained by using a combination of 31 P 1D and proton detected 1 H-31 P hetero-nuclear correlation spectroscopy (HETCOR) spectra (sweep width 3012 Hz in the proton and 1814 Hz in the phosphorous dimensions and a repetition delay of 2 s) recorded at 25°C (25) .
Structural restraints
The majority of 1 H assignments were obtained from the NOESY spectra recorded at 25°C (500 ms, non-exchangeable protons). NOE cross-peaks were integrated using FELIX98 software (Biosym/MSI, Inc.). Distance restraints were derived from NOE assignments of the non-exchangeable and exchangeable proton resonances. The cross-peak volumes obtained from three mixing times (50, 100 and 250 ms) were converted to distances iteratively using the MARDIGRAS program as described previously (26) . NOESY cross-peaks that were medium to strong in the 50 ms spectra were assigned a distance of 2.4 ± 0.6 Å. Peaks that were medium to strong in the 100 ms spectra but absent or weak in the 50 ms spectra were assigned a distance of 3.0 ± 1 Å. Peaks that were weak to medium in the 250 ms spectra were assigned a distance of 4.0 ± 1 Å. A total of 123 experimentally derived distance restraints were used to determine the structure of the loop. This included 36 sequential inter-residue distances and 87 intra-residue distances. Since the NMR spectral features of the stem region are indicative of a standard A-form RNA duplex, the A-form geometry of the stem region was maintained using experimental restraints (258 distances derived using MARDIGRAS) in combination with restraints from an A-form model duplex (304 inter-residue and 356 intra-residue distances) generated using Quanta98. An additional 50 restraints were included to maintain the Watson-Crick geometry between the stem residues.
Sugar pucker (δ) conformations were derived from the H1′-H2′ scalar coupling and the backbone torsion angle values were estimated from the 1 H-31 P correlations. Analysis of DQF-COSY and COSY35 spectra recorded at 25°C yielded coupling constant values for the H1′-H2′ cross-peaks (Table 3) . Residues with 3 J H1′ -H2′ couplings <3 Hz and 3 J H3′ -H4′ couplings >7-8 Hz were restrained to the C3′-endo conformation (80°± 20°). Residues with 3 J H1′ -H2′ couplings >7-8 Hz and 3 J H3′ -H4′ couplings, clearly absent from the DQF-COSY spectra, were restrained to the C2′-endo conformation corresponding to a δ torsion angle of 140°± 20°. Residues with large 3 J H1′ -H2′ and 3 J H3′ -H4′ couplings were left unrestrained, to allow conformational averaging between the C2′-endo and C3′-endo conformations. The backbone torsion angles of the stem residues were constrained to A-form values (α = -68°± 15°, β = 178°± 15°, γ = 54°± 15°, ε = -153°± 15°, ζ = -71°± 15°). For the loop residues all the torsion angles were left unconstrained except ε, which was loosely constrained (-120°± 120°) to exclude the gauche + conformation.
Structure calculations
All structure calculations were performed using XPLOR 3.1 (27) (DG and rMD methods), incorporating the distance and torsion angle restraints obtained from the NMR data. Structure calculations were initiated with DG embedding. A total of 300 DG structures were calculated without using the dihedral restraints from a linear single-stranded A-form RNA as template. A simulated annealing protocol was used to regularize the DG structures. These structures were visualized using Quanta98 and those with acceptable global folds were selected based on visualization, least NOE violations and minimum energy criteria. Subsequent refinement was carried out using rMD simulations. Typical rMD simulations started with 1000 steps of Powell energy minimization with dihedral angle restraints. Subsequently, the structures were heated from 27°C (300 K) to 727°C (1000 K) and subjected to Verlet MD simulations over a period of 15 ps with a 0.5 fs time step and equilibrated at 727°C for 0.5 ps. The force constants of the distance and dihedral restraints were scaled up to 40 kcal/(mol Å 2 ). The structures were then cooled to 27°C (300 K) over 8 ps with a 0.5 fs time step and further minimized for 400 steps.
In the first stage of rMD simulations, 33 structures were selected based on their total minimum energies, loop base and the closing stem base pair conformations. At each stage of the structure calculation the resulting structures were analyzed for chirality, torsion angle and NOE violations. A final round of rMD simulations of the 33 structures yielded the 10 best convergent structures. The statistics for the final 10 convergent structures are presented in Table 4 . The structure and torsion angle statistics were generated using appropriate XPLOR scripts. These final structures all have satisfactory bond and angle geometries and are in good agreement with experimental data. A simulated NOESY spectrum was generated from the average structure (see Supplementary Material). Comparison of the simulated and experimental data sets shows a very good agreement in the base-sugar regions.
RESULTS
Hairpin characterization
The sequence of the RNA hairpin used in this study is shown in Figure 1 . The nucleotides that appear within the shaded region specifically correspond to the 612-628 region of the E.coli 16S rRNA. To establish unimolecular folding of the RNA molecule, PFG experiments were carried out in a parallel fashion on the RNA and a standard DNA sample (16mer duplex) under similar experimental conditions. From the PFG experiments, the translational diffusion constant (D T ) of the pentaloop was estimated to be 0.562 × 10 -6 cm 2 /s (see Supplementary Material). The D monomer :D dimer ratio was determined to be 1.37, which is close to the value reported for monomeric hairpin molecules in the literature (24) . This finding is also supported by the observation of a single melting transition (pH 6.5) in the optical melting studies carried out under the same buffer conditions as that for the NMR sample (see Supplementary Material). Similar observations were previously made for CUUG (28) and UGAA (29) tetraloops, in which RNA samples with concentrations <1 mM folded into a monomeric hairpin loop under low salt conditions. A single H5-H6 cross-peak for the 12 pyrimidines in the RNA further confirmed the conformational homogeneity of the NMR sample (data not shown). From these three experiments it was concluded that under NMR conditions the pentaloop folded into a monomeric hairpin.
Chemical shift assignments
Nearly complete resonance assignments were obtained, particularly for the loop residues (Table 2) . A combination of 1D melting profiles and 2D NMR spectra recorded at 0°C in 90% H 2 O was used to assign the imino protons of the WatsonCrick base pairs in the stem region (Figs 2 and 3 ). The imino proton resonances of base pairs in the stem region were observed as well-resolved peaks. The A3-U21 pair in the stem region was identified by the characteristic downfield imino resonance of the U and an intense cross-peak between the imino proton of U21 and the H2 of A3. The G7·U17 wobble pair was identified by the strong cross-peak between the two imino protons, observed in the imino-imino region of the 2D spectra (30) . These assignments established a starting point for assignment of the imino protons of other stem residues, identified by their characteristic sequential connectivities (as observed in the exchangeable 2D NOESY spectra). There are five guanines on the 5′-side and three guanines and two uridines on the 3′-side of the pentaloop. The sequential walk in the imino region was initiated by identification of the most downfield shifted imino proton of U21, which forms a Watson-Crick pair with A3. This proton gives a NOE crosspeak to the imino proton of the neighboring G20. Identification of the imino protons of G8 and G18 was facilitated by the NOE cross-peaks between the imino protons of these two residues and the imino protons of the G7·U17 wobble pair, which had been assigned previously without ambiguity. The imino proton of G9 was identified by its cross-peak with that of G8 and this assignment was further confirmed by its correlation to amino/H5 of C15, its base pairing partner. The imino proton of G19 was identified by the network of cross-peaks established between this proton and the amino/H5 correlation of C5, its base pair partner. Clear correlation between the amino/imino region of G20 and G19 further confirmed these assignments. The imino proton of G2 showed clear cross-peak correlation to the amino protons of C22, which in turn had cross-peaks to its own H5 proton. The only imino proton left which did not have any correlations to any other peaks was assigned to G1. The imino proton of the loop U11 could not be assigned due to lack of a peak in the 1D NMR spectra, indicating that this base is solvent-accessible. The characteristic connectivities between imino protons of guanines and amino protons and H5 protons of cytidines observed in the imino-amino/base proton regions of the H 2 O NOESY spectrum (Fig. 3 ) were in agreement with the assignments of H5 protons established in the nonexchangeable proton spectra.
The non-exchangeable proton resonances were assigned using a combination of 2D NOESY, DQF-COSY, COSY35 and TOCSY spectra. Figure 4 shows the expanded 2D NOESY spectra (500 ms) collected at 25°C representing correlations between the base and H1′/H5 regions. The H5-H6 cross-peaks of the cytidines and uridines were assigned by the intense scalar couplings observed between these sets of protons in the DQF-COSY, COSY35 and TOCSY spectra, and were confirmed by the inter-and intra-residue NOEs associated with these resonances. As mentioned previously, a single H5-H6 cross-peak for each of the 12 pyrimidine residues confirmed the conformational homogeneity of the NMR sample. The complete base-H1′ connectivities were obtained using the 2D NOESY spectra recorded at 25 and 35°C. In Figure 4 the aromatic/anomeric sequential walk on the 5′-half (G1-G9) is shown in blue and the 3′-half (C15-C23) is shown in green. The sequential connectivities of the loop residues (C10-A14) are shown in red. The connectivity between C12 and A13 was observed only as a weak peak in the lower mixing time data. The H1′ protons of A13 and A14 overlapped in the 2D NOESY recorded at 25°C, whereas at 35°C they were clearly separated (see Supplementary Material). The intensities of the base-H1′ connectivities of all residues were much weaker than the H5-H6 cross-peaks of the pyrimidines observed in the short mixing time 2D NOESY spectra, verifying that the glycosidic angles of all residues are in the anti range. The proton and phosphorous chemical shifts are summarized in Table 2 .
The H2 resonance of three adenosines in the pentaloop were identified from their long T 1 values as compared to other protons in an inversion recovery experiment. The H2 resonance of A3 had previously been assigned in the exchangeable 2D NOESY experiment by its correlation with the imino proton of U21, its base pair partner. This assignment was further confirmed by the intense cross-peak between this proton and the H1′ protons of C4 and C22, as is normally observed in an A-form helix. The H2 resonances of A13 and A14 were distinguished from their H8 resonances based on an inversion recovery experiment. The A14 H2 resonance has an intense cross-peak to C15 H1′ and very weak cross-peaks to U11 H1′ and C10 H1′, both of which were only observed in the 500 ms NOESY spectra.
The H2′ protons were distinguished from the H3′ protons by the intense H1′-H2′ cross-peaks observed in the lower mixing time (50 ms) NOESY spectra, where spin diffusion is minimal. In an A-form helix the sugar conformations are C3′-endo, corresponding to a small 3 J H1′ -H2′ coupling constant (<3 Hz). Consistent with the A-form geometry, all the stem residues, except the terminal G1 and C23, exhibited 3 J H1′ -H2′ values <3 Hz, based on absence of the corresponding correlations in the DQF-COSY spectra (see Supplementary Material). These assignments were further confirmed by the intense cross-peaks between H6/H8 (i + 1) and H2′ i observed in the 2D NOESY spectra, which are characteristics of an A-form helix. Sequential connectivities between H6/H8 (i + 1) and H2′ i were also observed for stem residues.
The loop residues exhibited 3 J H1′ -H2′ coupling constants in the range 4-8 Hz (Table 3) . Residue C10 had a 3 J H1′ -H2′ coupling constant of 4 Hz, indicating an intermediate sugar pucker. Residues U11 and C12 have large 3 J H1′ -H2′ (∼8 Hz) and small 3 J H3′ -H4′ (<3 Hz) scalar coupling values, indicative of a C2′-endo sugar conformer. The 3 J H1′ -H2′ coupling constants of A13 and A14 could not be estimated with confidence due to the complexity of the peak shape. Based on the absence of intense H1′-H4′ cross-peaks for all residues in the lower mixing time 2D NOESY spectra, the O4′-endo sugar conformation was excluded. The H3′ (i) and 31 P (i + 1) correlations were determined from the 1 H-31 P HETCOR spectra recorded at 25°C (Fig. 5) . These assignments were further confirmed by the intense intraresidue H6/H8-H3′ cross-peaks. The 31 P resonances of the pentaloop are clustered into two distinct sets. One set of 31 P resonances resonate between -3.5 and -4.5 p.p.m., corresponding to stem residues. The other set, resonating between -3.2 and -3.5 p.p.m., arise primarily from the loop residues. Of the four resonances in the second set, only three could be unambiguously assigned. The peaks at -3.45, -3.40 and -3.31 p.p.m. were assigned to the A13pA14, C10pU11 and C12pA13 steps, respectively. Although, by a process of elimination, one can assign the remaining correlation to that of U11pC12, H3′ of U11, which was tentatively assigned in the non-exchangeable proton spectra, did not match with that in the 1 H-31 P HETCOR spectra. In order to address this ambiguity, the α and the ζ torsion angles (associated with the location of 31 P resonances) of all the loop residues were left unconstrained.
Spectral features at lower temperature and pH
In order to explore the effects of temperature and pH on the structure of the pentaloop, 2D NOESY spectra were recorded at 7°C and pH 5.0 (25°C). The spectra recorded at 7°C showed NOE patterns (stem region) similar to those recorded at room temperature, implying similarity of the overall stem structure at both temperatures. Except for A13 and A14, the other loop residues showed similar NOE patterns in both spectra. However, the H8 resonances of both A13 and A14 completely disappeared in the spectra recorded at 7°C (data not shown). These results indicate that at lower temperature the loop structure undergoes local dynamics, in particular the region involving A13 and A14.
Protonation of N1 of adenosine residues at lower pH has been observed in several RNA structures (31) . In these structures the adenosines are often involved in the formation of a A + ·C wobble mismatch. When this occurs the resonances associated with the adenosines sharpen upon lowering of the pH. The ideal candidates for such protonation in the CUCAA loop are A13 and A14. Upon lowering the pH to 5.0, resonances associated with the non-exchangeable protons of the loop region undergo line broadening, indicative of structural dynamics. The 2D NOESY spectra of the exchangeable protons recorded at 0°C had additional peaks other than the imino protons associated with the stem residues. This indicates the possibility of other minor conformations at lower pH. In fact, the profile variation of the UV melting transition at lower pH and its concentration dependence are suggestive of preferred self-duplex formation (data not shown). The broadening of resonances associated with the loop residues at pH 5.0 thus bears a direct correlation with a multimeric conformational exchange on a slow time scale.
Structural features inferred from NMR data
The stem region folds into a typical A-form double helix, as indicated by several characteristic features observed in the NMR spectra. The imino-amino/base connectivities and the sequential imino proton connectivities observed in the water NOESY spectra confirmed the presence of nine base pairs in the stem region. NOE connectivities of non-exchangeable proton resonances associated with the stem residues also supported A-form duplex formation. For the stem residues, the interresidue NOEs between H6/H8 i + 1 and H2′ i were found to be more intense than NOEs between the intra-residue H6/H8 i and H2′ i . The absence of H1′-H2′ coupling in the DQF-COSY spectra indicates a small 3 J H1′ -H2′ and hence a C3′-endo sugar pucker for all stem residues except the terminal residues. The terminal residues G1 and C23 exhibit a very small proportion of C2′-endo character, as is normally expected. In the light of this overwhelming experimental evidence that the stem region folds into a right-handed A-form duplex, standard A-form distances were used in conjunction with experimentally derived distances in elucidating the global fold.
The NOEs connecting the G9-C10 and A14-C15 steps (G9 H2′-C10 H6 and A14 H2′-C15 H6) indicate preservation of the A-form geometry at these steps, with residues C10 and Figure 5 . 1 H-31 P correlation spectra recorded at 25°C representing H3′ (i) (F2) and 31 P (i + 1) (F1) connectivities. Cross-peaks assigned to the loop residues are labeled.
A14 stacked above G9 and C15, respectively. The A H2 proton points into the minor groove of the A-form helix and has characteristic cross-peaks to the H1′ proton of the 3′ residues. This pattern of interaction is observed in the loop region, as indicated by an intense cross-peak between A14 H2 and C15 H1′. Very weak cross-peaks between A14 H2/U11 H1′ and A14 H2/C10 H1′ were observed in the longer mixing time 2D NOESY spectra (250 and 500 ms), consistent with the minor groove orientation of AH2. The A-form character of the RNA diminishes at the C10-U11 step. Due to the overlapping nature of the C10 H1′ and C22 H5 resonances, the sequential connectivity at this step is not clearly defined. This indicates that U11 is not stacked in a helical stem. As a result, the U11 imino proton undergoes fast exchange with the solvent and is not observed in the 1D spectrum. Destacking of the U11 base is also supported by the downfield shift of the H6 resonance (7.90 p.p.m.) as compared to other U residues in the RNA (H6 of U17 and U21 resonate at 7.74 p.p.m.). At the U11-C12 step the sequential connectivity is well defined, even in the 100 ms spectra. This connectivity reflects the onset of 3′ base stacking. Weak long-range NOEs were observed between C10 H2′ and C12 H5/H6 in the 160, 250 and 500 ms spectra. These specific NOEs define the orientation of the C12 base in the minor groove.
Structure analysis
Initial structure calculations produced a variety of structures, all of which had C10 and A14 stacked on G9 and C15. These structures were readily divided into four families by examining the location of the loop bases (U11, C12 and A13) with respect to the major (M) and minor (m) grooves. Structures from all four families were subject to rMD calculations. Thirty-three structures belonging to the Mmm family had minimum energies (60-80 kcal/mol) and no NOE violations (see Materials and Methods). Structures from the other families were clearly not in agreement with the experimental data. Analysis of the best 33 structures allowed re-examination of the experimental data, which resulted in the identification of additional distances in the loop region. Final refinement of the 33 structures with the additional distances produced 10 convergent structures (Fig. 6A) . The converged structures satisfied several criteria, including least NOE and chirality violations, minimum deviation from the ideal bond and angle geometry, low root-mean-square standard deviation (RMSD) and minimum total energies (Table 4 ). An average structure was used to generate a simulated NOESY spectrum (see Supplementary Material). This simulated NOESY spectrum is in excellent agreement with the experimental data, validating the calculated structures.
In accordance with the secondary structure and the experimental data, the stem region, including residues G1-G9 and C15-C23, folds into a canonical A-form helix and the loop residues smoothly finish the turn. The loop region is defined by a C10·A14 mismatch, which stacks above the closing WatsonCrick base pair, G9-C15. In addition, C12 and A13 stack on top of each other and above A14. U11 is slightly destacked above C10 and remains exposed to the solution.
In contrast to the A-form stem, the loop residues are flexible in the sugar pucker conformation. Except for C10, the 3 J H1′ -H2′ coupling constant values of other loop residues indicate conformational flexibility (Table 3) . Hence, the δ torsion angle of C10 was restrained to 80°± 20°and that of the remaining loop residues were left unconstrained. In all the calculated structures both C10 and A14 adopt the C3′-endo sugar conformation, based on the gauche + range of the endocyclic torsion (Table 5 ). This maintains the C1′-C1′ distance close to A-form RNA (10.55 Å) and also positions C10 and A14 to be hydrogen bonded via a single hydrogen bond between C10 N3 and A14 NH6. Residue U11 has significant C2′-endo conformation. The change in the sugar conformation of this loop residue from the normal C3′-to the C2′-endo conformation extends the sugar-phosphate backbone by >3 Å, thereby bridging the gap between the opposite strands of the stem region.
The glycosidic angle χ of the loop residues was constrained within ±30°of the normal range in the structure calculations. Table 5 shows that the glycosidic angles of C10, U11, A13 and A14 fall in the normal anti range and that of C12 is in the low anti range. The interaction between the amino group of C12 and the 2′-O of C10 could be facilitated by the low anti range of the glycosidic angle of C12.
DISCUSSION
Overview of the RNA hairpin
Ten refined structures of the RNA hairpin loop exhibit a regular A-form double helix with little or no distortion at the G·U wobble pair in the stem region (Fig. 6A) . Salient features of the loop structure include reversal of the phosphodiester backbone (Fig. 6B) at the U11-C12 step, a non-planar threeway interaction involving A13, C10 and A14 (Fig. 6C) and 3′ stacking interactions. Base-base stacking and specific hydrogen bonds observed in the loop region contribute to stability of the loop structure.
The putative C·A mismatch observed in all refined structures is defined by a single hydrogen bond between C10 N3 and A14 NH6. C10 O2 is also within hydrogen bonding distance of A13 NH6. At the stem-loop junction, the C10·A14 mismatch remains stacked above the closing G9-C15 base pair. Base U11 is located in the major groove and does not participate in any loop-specific hydrogen bonding. Rather, it points into the solution and remains in a slightly destacked conformation. The backbone changes direction at the U11-C12 step and this turn is reflected in unusual backbone torsion angles, which are accompanied by a C2′-endo conformation of the sugar of residue U11 (Table 5 ). Residues C12, A13 and A14 stack on top of each other and above C15 on the 3′ partition of the loop. The 3′ base stacking pattern is consistent with the stacking preference observed in several RNA loop structures (32) (33) (34) (35) .
The 5′-region of the loop is rigid while the 3′-region is more flexible, and the two regions are separated by C12. The sugar protons of residue C12 are located directly above the A13 base and this orientation is clearly supported by their upfield shifts in the NMR spectra, arising due to the shielding effect induced by base ring current (Table 2 ). NMR data suggests that A13 and A14 show a conformational equilibrium between C2′-and C3′-endo sugar puckering. In the final 10 structures A13 and A14 both adopt an increased C3′-endo conformation. The C3′-endo character of residues C10 and A14, which form a mismatch pair, preserves the A-form geometry at the stemloop junction.
The A13·C10·A14 three-way interaction
The three-way non-planar A13·C10·A14 interaction is defined by two non-canonical hydrogen bonds (Fig. 6C) . If the A·C·A interaction is viewed as two separate mismatch pairs, C10-A14 and C10-A13, their geometries are similar to those previously observed in anticodon loops of Thermus thermophilus tRNA Lys (36) and yeast tRNA Phe (12) , respectively. The phosphatephosphate distance observed in both mismatch pairs is shorter than the corresponding distance in the canonical Watson-Crick base pairs. The C10 2′-O is also within hydrogen bonding distance of C12 NH4. Since C12 is the least conserved among the five nucleotides, it is highly likely that this is a fortuitous interaction, caused primarily by the closeness of the two residues. The structural geometry of the three-way interaction is in excellent agreement with the phylogenetic conservation (Table 1) of the participating nucleotides. Moreover, there is no isosteric interaction that can potentially replace the proposed interaction (37) . Nevertheless, the reader should appreciate that this three-way interaction has been inferred. Direct proof will require isotopic labeling.
Similarities and differences between the NMR and crystal structures of the pentaloop
The crystal structure of the 30S subunit of T.thermophilus was solved at 3.0 and 3.3 Å resolution by two groups (8, 9) . The X-ray coordinates deposited by these authors facilitated direct comparison between the NMR structure and their X-ray counterparts. The similarities between the NMR and crystal structures include the location and solvent accessibility of the second U11 residue and stabilization of the loop structure provided by the 3′ stacking interactions. Differences include the geometry of the C·A mismatch and the backbone torsion angle values. The crystal structure solved at 3.0 Å resolution indicates that C10 and A14 form a reverse Hoogsteen mismatch (8) . A similar mismatch is observed between C10 and A13 in the 3.3 Å resolution crystal structure (9) . In both crystal structures, all loop residues adopt the C3′-endo conformation and the backbone torsion angles are modeled to have canonical A-form values. In contrast to the crystal structures, we have evidence of a C·A mismatch connected via a single hydrogen bond between C10 N3 and A14 NH6. C10 O2 is also within hydrogen bonding distance of A13 NH6. The geometry of this three-way base-base interaction is strongly supported by the presence of weak interactions between H2 of A13 and A14 and H1′ of C10 in the 2D NOESY spectra (Fig. 4) . In our structure the backbone torsion angles, especially at the UC step, deviate from the A-form values (Table 5) . The NMR structure, however, does resemble the analogous region in the crystal structure of the 30S subunit solved at 3.3 Å resolution (9) . In this crystal structure the second loop residue (U) interacts with Arg131 and the third residue (C) interacts with Ser137 of ribosomal protein S4. The two consecutive adenosines in the 3′-half of the loop interact with helix 4 via the shallow minor groove. The location and orientation of the loop nucleotides in the NMR structure agree well with the 3.3 Å crystal structure (RMSD for positions 9-15, 2.34 Å). Differences between the NMR and crystal structures are not unexpected in view of the presence of nearby RNA and protein components in the ribosome. Significant differences were also observed when the NMR solution structure of E.coli loop A and the analogous loop in the crystal structure of the entire 50S ribosomal subunit were compared (38) .
The pentaloop and U-turn motif
The U-turn is a common structural motif observed in several RNA structures and is primarily involved in tertiary interactions (39) . Salient features of the U-turn motif include reversal of the phosphodiester backbone, following the pivotal U, and two specific cross-loop hydrogen bonds. The first hydrogen bond forms between the imino proton of the pivotal U and the non-bridging oxygen of the backbone phosphate of residue R at the n + 2 position. The second hydrogen bond forms between the 2′-OH of U and the N7 of residue R at the n + 2 position. The change in direction of the backbone following the pivotal U results in solvent accessibility of the Watson-Crick edges of the 3′-neighbor of U.
A schematic overview comparing the CUCAA loop and a U-turn observed in the analog of the initiator anticodon stemloop (40) is presented in Figure 7 . Although the CUCAA loop satisfies a canonical U-turn sequence consensus, none of the characteristic U-turn interactions are observed in the NMR structure. In the CUCAA loop structure the change in backbone direction is brought about at the UC step, where the torsion angles adopt non-A-form values. This turn is stabilized by the minor groove orientation of C12 and a specific hydrogen bond between C12 NH4 and C10 O2′. The CUCAA loop also lacks a stacking phosphate commonly observed in loops exhibiting U-turn folding (39) . Predictions of a U-turn motif also failed in the case of the UGAA tetraloop, where, despite the presence of a U-turn consensus sequence, the loop had a novel fold (29) . Thus, the consensus sequence is not always sufficient to reliably predict the presence of a U-turn motif.
GNRA motifs have conformational features isosteric to those of a U-turn (41) . Interestingly, although the CUCAA loop does not exhibit a U-turn, its structural features are quite similar to GNRA tetraloops (42) . The loop structure is asymmetrical, with C10 forming a 5′ stack, U11 exposed to solvent in a destacked conformation and the remaining CAA forming a 3′ stack. The first and last loop nucleotides form a putative mismatch pair and remain stacked above the closing base pair. The second loop base is located in the major groove and its conformation excludes it from participating in any loopspecific hydrogen bonds. However, its orientation makes it available for interactions with other RNA loops or ribosomal proteins. It is evident from these studies that non-canonical interactions, a sharp turn in the backbone associated with synergistic changes in torsion angles, and 3′ stacking interactions primarily contribute to stabilizing the terminal loops (2).
Biological significance of pentaloop structure
In the recently published crystal structure of the 50S ribosomal subunit (43) two or more consecutive adenosines located in terminal and internal loops frequently participate in tertiary interactions by docking with the minor grooves of receptor helices (44) . In fact, ∼50% of the internal and terminal loop structures seen in 16S rRNA secondary structures have two consecutive adenosines (45) . In the CUCAA loop structure A13 and A14 are well stacked and expose their reactive functional groups in the minor groove. This feature of the loop facilitates minor groove-mediated tertiary interactions with other RNA helices in the 16S rRNA molecule. Similar minor groove interactions involving adenosines are also observed in the P4-P6 domain of the group I intron (46) . Thus, this appears likely to be a general RNA design principle governing longrange interactions. The 3′ stacking interactions with adenosine bases located in the minor groove, observed in the majority of stable RNA loops, might be a key factor in docking terminal loops into corresponding receptor helices (47) . Finally, it should be noted that in the context of the entire ribosome the 16S rRNA analog of U11, which is located in the major groove, acts as a recognition element, interacting with specific amino acids of the S4 ribosomal protein, and the consecutive adenosines stacked on the 3′-end of the loop dock into helix 4, stabilized by minor groove-mediated associations. 
